Abstract EphA2 is a transmembrane receptor tyrosine kinase that functions in the regulation of cell growth, survival, angiogenesis, and migration and EphA2 targeting has been proposed as a novel therapeutic strategy for neoplasms that overexpress this protein. EphA2 overexpression has been correlated with increased invasive and metastatic ability in pancreatic cancer cell lines. However, the patterns of EphA2 expression in human pancreatic cancers and associated metastases is unknown, as are the genetics of EphA2 in this tumor type. We collected clinicopathologic data and paraffin-embedded materials from 98 patients with primary and/or metastatic pancreatic cancer and performed immunohistochemical labeling for EphA2 protein. EphA2 protein immunolabeling was found in 207 of 219 samples (95%). The expression was predominantly cytoplasmic, although predominant membranous staining was observed in a minority of cases. When evaluated specifically for labeling intensity, primary and metastatic carcinomas were more strongly positive compared to benign ducts and PanIN lesions (P < 0.00001 and P < 0.01, respectively) and poorly differentiated carcinomas were more strongly positive for EphA2 than well and moderately differentiated tumors (P < 0.005). When primary carcinomas without metastatic disease were specifically compared to carcinomas with associated metastatic disease, the advanced carcinomas showed relatively less strong positive labeling for EphA2 (P < 0.008). Moreover, decreased EphA2 labeling was more commonly found in liver (P < 0.002), lung (P < 0.004) or peritoneal metastases (P < 0.01) as compared to distant lymph node metastases (P < 0.01). Genetic sequencing of the tyrosine kinase domain of EPHA2 in 22 samples of xenograft enriched pancreatic cancer did not reveal any inactivating mutations. However, EPHA2 amplification was found in 1 of 33 pancreatic cancers corresponding to a lymph node metastasis, indicating EPHA2 genomic amplification may underlie EphA2 overexpression in a minority of patients. Our data confirms that EphA2 is overexpressed in pancreatic cancer, but suggests a relative loss of EphA2 in co-existent pancreatic cancer metastases as well as a role for EPHA2 in organ specific metastasis.
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Introduction
The EphA family of transmembrane receptor tyrosine kinases (RTK) bind ligands of the ephrinA family of glycosylphosphatidylinositol (GPI) linked membrane proteins. Eph and ephrin expression occur at tissue boundaries primarily during development. Ephrin binding results in tyrosine phosphorylation of EphA receptors followed by signals leading to cell-cell repulsion that prevent aberrant cellular migration across boundaries [1, 2] .
EphA2, unlike other RTKs of the EphA family, is expressed in adult epithelial tissue [3] . The normal function of EphA2 is not fully understood, but it is thought to function in the regulation of cell growth, migration, survival, and angiogenesis [4, 5] . Also in contrast to other Eph RTKs, ligand binding and tyrosine phosphorylation of EphA2 are not necessary for its function [6, 7] . Instead, ephrinA binding seems to regulate EphA2 subcellular localization and interaction with other downstream signaling proteins including FAK and the MAP/ERK signaling pathways [8, 9] . EphA2 is overexpressed in a variety of human cancers, and high levels of EphA2 are associated with aggressive disease and poor clinical outcomes [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In vitro studies have shown that EphA2 is a powerful oncoprotein, sufficient to confer malignant potential on non-transformed epithelial cells [7] . In pancreatic cancers, EphA2 protein is also relatively overexpressed in pancreatic adenocarcinoma cell lines with higher metastatic potential [8] and suppression of EphA2 expression appears to attenuate the invasive phenotype of these same cell lines [20] , providing support for a role for EphA2 targeted therapies in the treatment of pancreatic cancer.
Despite this compelling evidence of a role for EphA2 in pancreatic neoplasia, the expression of EphA2 in human tissues representing the full spectrum of pancreatic carcinogenesis and metastatic progression is unclear, as are the genetics of EPHA2 in these same tissues. To address these issues, we used immunohistochemical labeling to evaluate EphA2 expression in a series of normal (benign) pancreas, pancreatic intraepithelial neoplasia (PanIN), primary infiltrating and metastatic pancreatic cancer tissues, as well as applied conventional gene sequencing and copy number analyses to determine the relationship of EPHA2 genetics to its protein expression.
Materials and methods

Tissue samples
Clinicopathologic data and paraffin-embedded materials from 98 patients with primary and/or metastatic pancreatic cancer were collected from the Surgical and Autopsy Pathology Files of the Johns Hopkins Hospital, Baltimore, MD, or the Gastrointestinal Cancer Rapid Medical Donation Program (GICRMDP) [21] . These specimens included 20 samples of benign pancreatic duct epithelium, 10 samples of pancreatic intraepithelial neoplasia (PanIN), 98 primary infiltrating carcinomas and 91 matched pancreatic cancer metastases from the liver, lung, lymph node or peritoneum. Twenty-two xenograft-enriched pancreatic cancers were also used and created as previously described [21] . The project was approved by the Institutional Review Board.
Cell lines A549, AsPC1, BxPC3, Capan 2, CF-Panc1, Hs678, Hs766t, MiaPACA2, Panc1, and Su86.86 cell lines were obtained from the ATCC (Manassas, VA). The IMIM-PC2 pancreas cancer cell line was generously provided by Dr. Paco Real [22] , the PK8 and PK9 cell lines were generously provided by Dr. Akira Horii [23] the PL5, PL8 and PL12 lines were generously provided by Dr. Elizabeth Jaffee, and the normal duct epithelium cell line HPDE was generously shared by Dr. Michael Goggins. The A2.1, A2.4, A6L, A10.7 and A10.4 low passage cell lines were created in our own lab from pancreatic cancer metastasis tissues obtained from autopsied patients [21] . The immortal human pancreatic duct epithelial cell line, HPDE, was originally provided by Dr. Ming-Sound Tsao (University of Toronto, Ont., Canada). All cell lines were grown at 37°C in DMEM containing 10% FBS, 1% L-glutamine and 1% penicillin-streptomycin in a humidified atmosphere containing 5% CO 2 .
Immunohistochemical labeling
Unstained 5-lm sections were cut from tissue microarrays or the paraffin-embedded sections of each case and deparaffinized by routine techniques followed by steaming in sodium citrate buffer pH 6.0 for 20 min at 80°C. The slides were cooled for 15 min then incubated with a 1:25 dilution of monoclonal antibody to EphA2 (Santa Cruz Biotechnology, clone H-77) for 1 h at room temperature. Primary antibody was detected using the DAKO LSAB + System (DAKO, Carpinteria, CA), and sections were counterstained with hematoxylin. A negative control was used in each run in which the antibody was replaced by an equal volume of phosphate-buffered saline. Immunohistochemical labeling of each tissue section was scored on an intensity scale of 0-3, with 0 corresponding to no positive cells were observed, 1 corresponding to weak positive labeling (labeling best seen at 10· power or greater), 2 corresponding to unequivocal positive labeling, and 3 to intense positive labeling. The percentage of cells with positive labeling was also scored on a 10 tiered scale ranging from 10% to 100%. Scoring was performed by two of the authors (S.V.M. and C.I.D.) at a two-headed microscope.
Western blotting
Total protein was extracted from cell line pellets with RIPA Protein Lysis Buffer with Proteinase Inhibitors (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) freshly added. The lysates were incubated on ice for 30 minutes followed by lysing using a sonic homogenizer for 5 s (Model 100, Fisher Scientific International Inc., AL, USA), then spun at 16000 · g for 30 min at 4°C. Protein concentrations of the supernatants were performed by the Bio-Rad Protein Assay (Bio-Rad Laboratories Inc., CA, USA). About 40 lg total protein was separated by electrophoresis in NuPAGE TM 4-12% Bis-Tris Gel 1.5 mm · 10-well (Invitrogen Inc., CA, USA) and then transferred onto Nitrocellulose Membrane Filter Paper Sandwich 0.45 lm pore size (Invitrogen Inc., CA, USA). Membranes were blocked with 5% skim milk in PBST (PBS in 0.1% Tween 20) for 1 h followed by incubation with a 1:100 dilution of primary antibody (anti-EphA2, clone H-77, or anti-actin, clone C-2, Santa Cruz Biotechnology) overnight in 5% skim milk in PBST. The membrane was washed with PBST for three times and 30 min, followed by incubation with 1:5000 ECL TM Anti-mouse IgG (Amersham Biosciences, Sweden) at room temperature. Detection was effected with an enhanced chemiluminescence (ECL) kit (Lumigen PS-3 detection reagent, Amersham Biosciences, Sweden) and the membranes were developed using Molecular Imager Gel Doc XR System (Bio-Rad Laboratories, CA, USA).
Sequencing of exons 10 through 13 of EPHA2
Genomic DNA was extracted from 22 xenograft enriched pancreatic cancers using a DNeasy Kit (Qiagen) and the coding sequence of exons 10-13 of the human EphA2 gene were amplified using intronic primers flanking each exon. All primer sequences and reaction conditions are available from the corresponding author upon request. PCR-amplified products were purified using QIAquick columns (Qiagen) and automated sequencing performed using nested primers and an ABI Prism model 3700 (Applied Biosystems, Foster City, CA). Sequence analysis employed Sequencher TM version 4.0.5 software (Gene Codes, Ann Arbor, MI). Potential mutations were verified by a second PCR amplification and sequencing of the original genomic DNA template.
Screening for genomic amplification of EphA2 using real-time PCR Three primer sets were designed to determine the amplification status of EPHA2 on chromosome 1p36.12 using real-time PCR. Primers for EphA2 amplification of genomic DNA used were: forward 5¢-GTGTACCGAGGAGAGGCTGA-3¢ and reverse-5¢-CCGACTCGGCATAGTAGAGG-3¢. A second primer pair located approximate 90 Mb downstream from EphA2 on chromosome 1 was: primer1-sense-5¢-ACTGCCAGCATCTCTCGTTT-3¢ and primer1-antisense-5¢-ATGCTCAACATCACCGATCA-3. The third primer pair was human genomic DNA specific primer derived from G protein-coupled receptor 15 (GPR15) on chromosome 3: primer2-sense-5¢-GGTCCCTGGTGGCCTTAATT-3¢ and primer2-antisense-5¢-TTGCTGGTAATGGGCACACA-3¢. For each real-time PCR reaction, 20-200 ng genomic DNA was added and each sample was run in duplicate. Realtime PCR Ct values obtained from control primers 1 and/or 2 and EphA2 primers using genomic DNA were first normalized to that of a diploid control (HPDE), and EphA2 amplification was expressed as the relative fold difference of EphA2 as compared to primer 1 and/ or 2.
Statistics
All summary values are expressed as a mean ± standard deviation unless otherwise indicated. For frequency distributions a chi-squared test was used with modification by the Fishers exact test to account for
frequency values less than 5. P values £ 0.05 were considered statistically significant.
Results
Relationship of EphA2 immunolabeling to pancreatic carcinogenesis and progression
The clinicopathologic features of the 98 patients whose tissues were analyzed for EphA2 are summarized in Table 1 . There was no difference in the age or gender distribution among pancreatic cancers with or without associated metastases. Four infiltrating carcinomas arose in association with an intraductal papillary mucinous neoplasm (IPMN), one carcinoma had adenosquamous features, and the remaining cancers were conventional infiltrating ductal adenocarcinoma. More poorly differentiated carcinomas were present within patients with advanced stage disease than those with no metastases at diagnosis (P < 0.01).
To determine the protein expression patterns of EphA2 in pancreatic cancer tissues, we used a rabbit polyclonal antibody raised against amino acids 422-498 of human EphA2. On Western blots, this antibody showed reactivity only for EphA2 protein (phosphorylated and unphosphorylated forms) in the EphA2 positive control lung cancer cell line A549 and in three different pancreatic cancer cell lines analyzed (Fig. 1) . When this antibody was used to immunolabel a series of benign and malignant pancreatic cancer tissues, 207 of 219 samples (95%) showed positive immunolabeling for EphA2 (Table 2 ) corresponding to 16 of 20 (80%) benign ducts, 9 of 10 (90%) of PanINs, 98 of 98 (100%) primary infiltrating pancreatic cancers and 84 of 91 (92%) matched metastatic pancreatic cancers. The most frequent pattern of labeling was cytoplasmic with or without membranous accentuation, although predominant membranous staining was observed in a minority of carcinomas (Fig. 2) . In the 207 positive labeling benign and neoplastic tissues the percentage of labeled cells was ‡90%. In addition, no significant EphA2 expression has been reported to correlate with invasive and/or metastatic ability [8, 19, 24, 25] . Thus, we also compared EphA2 labeling patterns specifically among the benign ducts, PanINs, primary and metastatic carcinomas ( Table 2) . Primary infiltrating pancreatic carcinomas and matched metastases both showed a higher frequency of strong positive EphA2 labeling than benign duct epithelium and PanIN lesions (P < 0.00001 and <0.01, respectively). In addition, poorly differentiated carcinomas showed a higher frequency of strong positive EphA2 labeling than well to moderate differentiated carcinomas (P < 0.005). Immunolabeling was next compared among the primary and metastatic carcinoma tissues only. Overall, strong positive EphA2 expression was more frequently observed in the 98 primary infiltrating pancreatic cancers than in the 91 pancreatic cancer metastases (P < 0.005). Moreover, when EphA2 immunolabeling was evaluated among the 53 primary carcinomas without metastases to the 45 primary carcinomas with associated metastases, primary carcinomas without metastases more frequently showed strong positive labeling for EphA2 compared to advanced stage primary carcinomas (P < 0.008). We next compared EphA2 immunolabeling patterns specifically among the 45 primary carcinomas and their 91 matched metastases to liver, lung, lymph node or peritoneum, the most common sites of pancreatic cancer metastasis [21] . Overall, this subset of primary carcinomas again showed more frequent EphA2 immunolabeling than their matched metastases (P < 0.002). When each metastatic site was individually compared to the matched primary carcinomas, metastases to liver, lung and peritoneum showed less frequent strong positive labeling (P < 0.004, P < 0.002 and P < 0.01, respectively) whereas distant lymph node metastases showed more frequent strong positive labeling (P < 0.01). Thus, as liver, lung and peritoneal metastases are the predominant site of metastasis from pancreatic cancer, and the majority of metastatic carcinomas in this study were liver, lung and peritoneal metastases, the differences found for immunolabeling patterns among primary and metastatic carcinomas is likely due to an overrepresentation of metastases to these sites in our sample set. Finally, we determined the relationship of EphA2 immunolabeling among each matched set of primary and metastatic carcinoma. In 13 of 45 patients (29%), immunolabeling was identical among the primary carcinoma and all matched metastases regardless of metastatic site. However, in nine patients (20%) immunolabeling was greater in intensity in one or more metastases than the matched primary carcinoma, and in 21 patients (47%) it was decreased in intensity in one or more metastases than in the matched primary carcinoma. Thus, in the majority of patients, EphA2 labeling patterns in the primary carcinoma are not predictive of labeling patterns in the matched metastases and are most often decreased.
EphA2 genetic status in pancreatic carcinomas
In recent years, mutations of EPHB2 in prostate cancer and EPHA3 in colon cancer have been reported with many of these inactivating mutations corresponding to the tyrosine kinase domain of those receptors [26, 27] . Therefore, we sequenced the tyrosine kinase domain of EphA2 corresponding to exons 10 through 13 in 22 pancreatic cancer xenografts. In six xenografts, a silent single nucleotide polymorphism was present at codon 671 (CTC fi CTT), and in another two xenografts a silent single nucleotide polymorphism was present at codon 678 (CTA fi CTG). However, no potentially inactivating mutations were found to account for differential expression of EphA2.
To determine if copy number alterations of EPHA2 play a role in its overexpression, we also performed quantitative PCR of genomic DNA at 1p36.12 in 33 pancreatic cancer cell lines, xenograft enriched primary or metastatic pancreatic cancers, and high quality microdissected pancreatic cancer tissues. One of 33 pancreatic cancers showed amplification of the region encompassing EPHA2 6.6-fold compared to a normal diploid control cell line, corresponding to a microdissected lymph node metastasis (sample A13H) (data not shown). To determine if EPHA2 amplification was also present in the matched primary carcinoma or seven other metastases available from this same patient, we also performed quantitative PCR for EphA2 in these tissues similarly microdissected (Fig. 3a) . With exception of A13H, no other samples from this patient showed amplification for EPHA2. To determine if the EPHA2 amplification within this metastasis was associated with EphA2 protein overexpression, we performed immunolabeling for EphA2 in the paraffinembedded tissues corresponding to these same samples whose genomic DNA was first analyzed by qPCR (Fig. 3b) . Consistent with our findings at the genetic level, this lymph node metastasis showed intense positive (3+) labeling for EphA2 protein in contrast to the matched primary carcinoma or co-existent metastases to other organ sites. Interestingly, the liver metastases from this same patient showed decreased expression relative to the matched primary carcinoma, consistent with our findings of decreased expression in liver metastases in the larger sample set. Thus in a minority of pancreatic carcinomas, amplification of 1p36.12 may underlie EphA2 protein overexpression.
Discussion
In 2006 in the United States, it is estimated that 33,730 individuals will be diagnosed with pancreatic cancer and 32,300 will die of pancreatic cancer [28] . The high mortality rate attributed to pancreatic cancer is largely due to the fact that most patients are diagnosed at an advanced stage of disease that is not amenable to surgical resection and pancreatic cancers are intrinsically drug-resistant [29] . The identification of molecular targets presents an opportunity for developing more effective treatment strategies and impacting upon patient survival. EphA2, a potent oncogene, has been suggested as a potential therapeutic target based on in vitro studies [30, 31] . However, the genetics of EphA2 and the patterns EphA2 overexpression in pancreatic carcinoma tissues have not been previously characterized, and thus those patients who may benefit most from EphA2 targeted therapies are unknown. Unlike other members of the Eph receptor family that have been shown to be targeted by genetic inactivation such as EPHB2 in prostate cancer [26] and EPHA3 in colon cancer [27] , we did not find mutations of the tyrosine kinase domain of EphA2. By contrast, we did find that in rare cases of pancreatic cancer, EphA2 protein overexpression may specifically result from amplification of 1p36.12. Chromosomal alterations involving 1p have been reported in a variety of human cancer types, including pancreatic carcinoma [32, 33] , with most studies implicating the presence of a tumor suppressor gene(s) on this chromosome arm [34, 35] . However, the lack of inactivating mutations of EPHA2 reported in this study indicates that EPHA2 functions in a manner unlike that of the other Eph receptor family members targeted by inactivating mutations. Furthermore, genetic amplification of EPHA2, albeit an uncommon finding in this study, correlates with its role as a putative oncogene for this tumor type in which it may promote angiogenesis [36] , loss of growth control and contact inhibition [6, 7] . Although the Eph family is among the largest receptor tyrosine kinase family in the human genome [37] , the specific functions of each member remain incompletely understood. Thus, in addition to aiding our understanding of neoplasia, the patterns of activation or inactivation of Eph receptor tyrosine kinases may provide useful information regarding their role in development and growth regulation of normal tissues as well.
EphA2 overexpression has been reported to correlate with aggressive features in other human tumor types [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Consistent with these reports, we found a significant increase in EphA2 expression in pancreatic cancers as compared to benign ducts and PanIN lesions, as well as increased expression in poorly differentiated carcinomas compared to well or moderate differentiated carcinomas (P < 0.005). Due to the small number of PanINs available for evaluation a meaningful evaluation of EphA2 expression in precursor lesions was not possible, but nonetheless provides some insight into the upregulation of EphA2 in pancreatic cancer progression. EphA2 protein stability in cancer cells may arise as a result of decreased ligandmediated degradation [38] , or by decreased phosphotyrosine content [39] , among others. Of interest, Western blotting for EphA2 in three pancreatic cancer cell lines (Fig. 1 ) indicated reduced phosphorylated EphA2 in all three lines as compared to A549, consistent with this possibility. EphA2 protein stability may also result from decreased cell adhesions that interfere with ligand binding [7] . We and others have shown that pancreatic cancers show features of aberrant cell-cell or cell-matrix interactions, including overexpression of claudin 4, a component of tight junctions [40] [41] [42] . Interestingly, a recent study by Tanaka et al. showed claudin 4 function is regulated in part by EphA2 [43] suggesting EphA2 may play a regulatory role in abnormal cell adhesion of pancreatic cancers as well.
EphA2 expression in metastases, while significantly greater than that of benign ducts and PanINs, is relatively less than for primary carcinomas indicating a possible increase in ligand binding by Ephrin A1 (the ligand for EphA2) within the metastatic site, or by decreased expression of phosphatases that regulate phosphotyrosine levels [2, 44] . Related to this finding, we have also made the novel observation of organ specific patterns of EphA2 expression by pancreatic cancer metastases, with relatively less expression of EphA2 seen in metastases to liver and relatively more expression seen in metastases to lymph nodes. This pattern was observed both among all metastases analyzed, but could also be found among analysis of an individual patients' primary carcinoma and matched metastases (Fig. 3b) . Organ specific patterns of EphA2 may indicate that, in addition to its known oncogenic properties, EphA2 may play a role in organ-specific metastasis. In a survey of Eph receptor/ephrin expression a large set of normal human tissues, Hafner et al. has shown that although all Eph/ephrin family members were expressed in all tissues, the levels of expression of individual Eph/ephrins was widely variable among different normal organs [45] . Thus, we cannot rule out the additional possibility that different levels of EphA2 expression in metastatic pancreatic cancers may indirectly indicate the degree of receptor ligand binding at each target organ site.
The finding of organ specific patterns of EphA2 expression has clinical implications. For example, Carles-Kinch et al. have proposed that antibody mediated targeting of EphA2 may mimic the actions of ligand binding, causing EphA2 internalization, degradation and loss of oncogenic signals [30] . Based on our observations of organ specific expression of EphA2, it is conceivable that antibody-mediated targeting may be more or less efficacious for different patients based on their metastatic burden and organ sites affected. At the very least, clinical trials in advanced stage patients designed to evaluate anti-EphA2 agents may best be evaluated with regard to these features of enrolled patients.
In conclusion, we provide evidence of a role for EphA2 in pancreatic carcinogenesis and metastasis, the lack of genetic alterations of EphA2 in pancreatic cancers, and further suggest a role of EphA2 in organ specific metastasis.
